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Abstract 
The total length of the drinking water distribution network in the Netherlands is approximately 117,000 kilometers. The total 
replacement value is estimated at 20,000 to 30,000 million Euro. Several methods are available to obtain information to determine 
which mains should be replaced and when. Recently the echopulse technique was introduced in the Netherlands. The echopulse 
results were compared to phenolphthalein staining tests and radar. The validation of results reported here shows that the echopulse 
method provides reliable results for AC mains. However, a prerequisite for reliable results is the availability of reliable data on the 
properties of the mains, especially the initial wall thickness and the Young’s modulus.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
The total length of the drinking water distribution network in the Netherlands is approximately 117,000 kilometers. 
The total replacement value is estimated at 20,000 to 30,000 million Euros. The Netherlands have a high standard of 
supply of drinking water. Water is supplied without free chlorine, the volume not accounted for is estimated at 5% [1] 
and the average burst rate is calculated at 0.053 burst/ km/year (average of 7 water companies in 2013)1. The 
distribution network has a wide variety of pipe materials and a part of the mains is expected to reach the end of its life. 
 
 
* Corresponding author. Tel.: +31306069758; fax: +31306061165. 
E-mail address: ralph.beuken@kwrwater.nl 
 
1 Results from USTORE, the national burst registration database in the Netherlands, see [3] and [4] for more information. 
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In order to maintain the condition of the network and the high standards of supply, a considerable amount of mains 
will be replaced in the coming decades. The relevant question in this perspective is: ‘which mains should be replaced 
when?’. The Canadian company Echologics [2] has developed a technique that can help water companies with 
answering this question by measuring the mains condition. Within the Joined Research Program that KWR conducts 
for the Dutch water companies, the added value of the Echopulse technique was investigated. 
2. Replacement of mains 
The oldest Dutch mains originate from the Mid-Nineteenth Century. These mains were made of cast iron (CI) and 
up to the Mid-Twentieth Century, this material was applied. From the Nineteen-Thirties asbestos cement (AC) was 
introduced as a pipe material and especially in the Nineteen-Fifties and Sixties, this material was applied frequently. 
Nowadays, mostly PVC mains are laid and to a lesser extent PE and ductile iron. Currently the network consists for 
approximately 10 % of CI, 30% of AC, 50% of PVC and 10% of other materials. In a favorable environment, a 
considerable proportion of the CI and AC mains is expected to have a residual life of at least several decades. On the 
other hand, it is expected that 20% to 30% of the network length has to be replaced in the coming decades. Water 
companies in the Netherlands embrace concepts like asset management, risk management and condition assessment 
to focus on two perspectives: 
x  The long-term perspective, related to the future investments: What will be the total length of mains to be replaced, 
what will be the related investments, what will be the expected performance and of which cohorts more information 
on the condition is required? 
x The short-term perspective, related to the replacement scheme: Which specific mains should be replaced when, 
what will the related budget and workload and how to interact with third party initiatives? 
3. Methods of condition assessment 
To assess the condition of drinking water mains a number of methods are available. These methods vary in approach 
and type of results. The most cost-effective result is mostly achieved when these methods are used complementary. 
Water companies have to define which method of condition assessment provides enough added value in relation to the 
required costs. Roughly four groups of methods are available (sorted on rising costs): 
x  Expert opinion, based on local experiences of fitters and engineers. This method requires a low amount of costs. 
Important considerations are objectivity of the provided information and documentation. The information is 
typically general and non-specific for the network as a whole and more specific for some, mostly problematic, 
mains.  
x Analysis of mains failures, seven water companies in the Netherlands provide data to the national burst registration 
database (USTORE). Useful information is obtained on which mains materials, diameters, vintages, soil types have 
the most negative impact on the performance of supply. For more information, see: [3] and [4]. 
x  Destructive inspection, where in the event of a burst or building activities a (part of a) pipe is removed to test its 
condition. These tests are referred to as destructive, since pipe material is removed. For this purpose, the most 
common tests are for PVC (microscopic analyses, gelation and resistance towards slow crack growth), for AC 
(phenolphthalein) and CI (sandblasting to remove corrosion and testing tensile strength). These type of inspections 
provide a reliable result, however only of a limited part of the main (i.e. the sample). It is questionable whether this 
local condition is applicable to the complete main. It also has to be taken into consideration that often a bias exists 
towards those mains with failures, as those are the ones being mostly assessed. 
x  In-line inspection, provides a detailed picture of the condition of the main. Several techniques are available for the 
inspection of metal and AC mains larger than 200 mm. The cost of these inspections are relatively high. These high 
costs are amongst others related to the access that should be created to the interior of the main. Other relevant 
aspects are the interruption of supply and the possible impact on the water quality.  
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In Fig. 1, these four groups of methods are positioned (colored blue) according to their supposed area of application 
and quality of results. In orange the echopulse method is indicated. The echopulse technique is claimed to provide an 
indication of the condition of metal and cement containing water mains, against affordable costs. Within this paper the 
claim of Echologics is investigated under circumstances in the Netherlands. 
 
 
Fig. 1 Different methods for condition assessment of mains. 
4. Condition assessment by echopulse 
The echopulse technique is a further development of acoustic leak detection. The characteristics of a sound wave 
are influenced by the stiffness of the pipe material. For AC and CI mains the stiffness is a result of the elasticity of the 
material (expressed as the Young’s modulus), the diameter and the wall thickness. At the peak amplitude of the sound 
wave, the tube is stretched to a very small extent. This stretch absorbs energy and thus dampens the sound pattern. 
This principle is shown in Fig. 2. Noise, generated by flushing a fire hydrant or by tapping on the pipe with a hammer, 
is picked up by two sensors. These sensors record the difference in the sound pattern, whereas a more stiff main results 
in less dampening. The result is the average pipe stiffness between the two measuring points. As diameter and pipe 
material, and thus the Young’s modulus, are known, the average wall thickness can be calculated. This calculated 
average wall thickness, relates to the wall possessing structural strength, referred to as the effective wall thickness. 
For AC mains, this is the wall thickness not affected by leaching. For metal mains, this is the wall thickness not affected 
by corrosion. The average degradation of the main is provided by comparing the effective wall thickness with the 
initial wall thickness. For concrete mains, the measurement results in the extent to which the pre-stressed reinforcement 
is still intact. 
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Fig. 2 Acoustic measurement by Echologics. At location 0 a noise is produced that is detected at location 1 and location 2. Differences in the 
sound spectrum between 1 and 2 provide information on the average stiffness of the main L (source: Echologics). 
5. Validation with field tests 
In 2012 several water companies in the Netherlands performed field tests of the echopulse technique. The results 
of five AC mains and two CI mains are presented in Fig. 3. Based on the field tests with the echopulse technique the 
following conclusions are drawn: 
x  Water companies consider the measurements with the echopulse technique as easy to execute.  
x Most measurements resulted in a trustworthy outcome. In Fig. 3 in five cases no value for the measured wall 
thickness is given (indicated with an X). These inspections resulted in unexpected values. In all cases, it appeared 
to be a non-registered PVC repair pipe. Echologics claims that a correct measurement of the non-repaired section 
is possible, if the dimensions and the position of the repair pipe are indicated. 
x  In Fig. 3 in twelve cases (seven at AC mains and five at CI mains) the calculated wall thickness is larger than the 
initial wall thickness. Focusing at AC, two explanations are possible: 
– The Young’s modulus is used for calculating the effective wall thickness. This parameter indicates for an 
elastic deformation the relation between the stress and the corresponding strain. For AC a required value for 
the Young’s modulus is often provided by catalogues, while in practice this value is usually higher especially 
as a result of hardening. The Young’s modulus as published in the catalogue [5] is 25 GPa. Echologics 
indicates that several lab tests have shown that the Young’s modulus of existing AC mains in the United 
States is approximately 38 GPa. 
– The wall thickness as provided in the catalogue should be considered as a required value. In practice the wall 
thickness can be higher and pipe size tolerances to 2 millimeters are common. 
x  Based on these measurements it is expected that on a daily basis approximately 1 km of main can be inspected. At 
a more routine deployment it is expected that up to 1.5 km per day can be inspected. 
x  The measurements, pre-processing and data analysis is done by Echologics. Reports of the results were provided 
after one month. 
6. Validation of echopulse at PWN 
To test the reliability of the echopulse measurements a validation was carried out by PWN. At the location 
Middenmeer - south side (see Fig. 3) additional measurements were performed in December 2012. In-line radar 
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inspection was carried out by the company MJ Oomen Radartechnologie [6] and two fenolftaleïnetesten were 
performed by PWN. For more information on radar inspection, see [7] and [8]. The results are shown in Fig. 4. 
 
 
Fig. 3 Results of forty-one measurements of Echologics. At the x-axis the measurement locations are indicated. At the y-axis the initial wall 
thickness is indicated in blue and the measured wall thickness in brown. 
WML, Meijel: AC, 100 mm, L = 913 m 
 
 
Brabant Water, Moergestel: AC, 100mm, L = 226 m and AC, 125mm, L = 142 m 
 
 
PWN, de Woude: AC, 100mm, L = 682 m 
 
 
PWN, Middenmeer: AC, 250mm, L = 499 m (South side) and L = 498 m (North side) 
 
 
Dunea, Den Haag: CI, 300mm, L = 478 m and CI, 457mm, L = 549 m 
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According to the catalogue, the wall thickness of the main is 23 mm. The wall thickness was also measured at the 
locations where phenolphthalein tests were carried out. The measured values equal 24.9 mm at location 1 (length = 
180 m) and 25.4 mm at location 2 (length = 255 m). It is assumed that the initial wall thickness of the validation section 
equals 25 mm on average. 
 
 
Fig. 4 Results of measurements of the effective wall thickness in Middenmeer, South side. 
x  The calculated results of four of the five measurements with echopulse vary from 18.2 to 18.7 mm (the brown 
continuous line). The second measurement has an aberrant result of 14.1 mm. For the calculation of the effective 
wall thickness Echologics maintained a Young’s modulus of 38 GPa. 
x  The in-line measurement with radar requires access to the main’s interior. For this purpose at the center (length = 
260 m) a pipe was taken out. A successful inspection was done between 260 and 500 m. Measuring towards the 
other side, resulted in problems as the main seemed to be too narrow (length = 165 m). This turned out to be a non-
registered PVC repair pipe, what also explains the aberrant result of 14.1 mm with echopulse. In order to be able 
to measure the entire main, a second access point was created at the beginning of the line (length = 0 m). The 
measurement with radar consists of three longitudinal measurements (clock position: 10, 12 and 2) every 2 cm. In 
Fig. 4, the average value of the three measurements is displayed (the blue line). The measurements show a rather 
uniform value of the effective wall thickness, ranging from 20.8 mm to 23.5 mm. The average wall thickness equals 
22.4 mm.  
x  Both phenolphthalein tests indicate an effective wall thickness of 23 mm. 
The results from measurements with radar and phenolphthalein show comparable values for the effective wall 
thickness. As stated above, for the echopulse technique the assumed Young’s modulus plays an important role for 
calculating the effective wall thickness. After the measurements two pipe samples were sent to Echologics to determine 
the Young’s modulus. This resulted in a Young’s modulus of approximately 32 GPa for both samples. In Fig. 4 also 
the effective wall thickness is displayed on the basis of the Young’s modulus of 32 GPa (the brown dashed line). These 
values correspond rather well with the values from the measurements with radar and phenolphthalein staining. 
7. Validation of echopulse at Brabant Water 
In 2013 Brabant Water inspected in total 7.8 km of mains. At four locations a validation was performed using 
phenolphthalein staining. In these four cases also the initial wall thickness was measured. The results are presented in 
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Table 1. Comparing results of the measurement with Echopulse and phenolphthalein staining, shows that in three out 
of four inspections the measured effective wall thickness matches within a range of one millimeter. At location four 
the difference is however almost three millimeters. 
Table 1. Inspection results at Brabant Water by Echopulse and phenolphthalein staining. 
Location Year of construction Diameter 
Wall 
thickness 
in GIS 
Effective wall 
thickness 
Echopulse 
Degradation 
by Echopulse 
(mm/yr) 
Measured 
wall 
thickness 
Effective wall 
thickness 
phenolphthalein  
Degradation by 
phenolphthalein 
(mm/yr) 
1 1966 125 mm 15 mm 11.8 mm 0.068 15 mm 11 mm 0.085 
2 1961 150 mm 13 mm 11.2 mm 0.035 18 mm 11 mm 0.135 
3 1964 100 mm 10 mm 8.0 mm 0.041 12 mm 7 mm 0.102 
4 1954 100 mm 12 mm 10.8 mm 0.020 14 mm 8 mm 0.102 
 
This main is older than the ones at the other locations. It is known that the manufacturing process of AC mains 
before 1960 was less standardized, which could result in less homogeneous material properties. Another remark is that 
in three out of four inspections the measured wall thickness is larger than the wall thickness as indicated in the GIS. 
This means that due to incorrect data of the mains, the rate of degradation (in mm/year) could be considerably larger 
than indicated while applying the echopulse technique. This could result in a wrong estimate of the residual life of the 
main. To obtain more reliable results it is advised to give more attention for verification of the real wall thickness of 
AC mains.  
8. Business case for the application of the echopulse technique 
Application of condition monitoring of mains will only be cost-effective if the financial benefits of the improved 
information are higher than the costs of inspection. Improved information can be the basis of better decision making 
and can result in postponing investments. In Box 1 an example of a business case is given. In this example the 
echopulse technique is used to get improved information on the condition of a main. Several assumptions are made 
which can be adjusted by water companies for their specific purposes. Based on actual cost data, the current cost of 
inspection by Echologics amounts approximately € 15/m1. 
It is expected that after further commercialization in Europe, this price will decrease to approximately € 8/m1. The 
calculation makes use of the principle of false negative and false positive inspections. It is noted that the values applied 
in these assumptions should be checked by evaluating inspection results in the field. In this calculation the financial 
effect of avoiding bursts is not taken into account. The business case presented in Box 1 shows that, for this specific 
case, application of echopulse is cost-effective. 
9. Conclusion 
The coming decades, water companies will face increasing investments if they want to maintain the actual quality 
of supply of drinking water. More information about the condition of mains is an important support to the question: 
‘which mains should be replaced when?'. The recently introduced echopulse technique is a good complement to 
existing methods for condition assessment. Field tests show that the technique is well applicable. The validations as 
discussed here indicate that the results are reliable for AC mains. A prerequisite for reliable results is however, the 
availability of reliable data on the properties of the mains (especially the initial wall thickness and the Young’s 
modulus) and on the presence of repair pipes. 
Field tests have shown that the real wall thickness of AC mains is often larger than the one indicated in the GIS. 
Deployment of the Echopulse technique seems cost effective, especially if further market introduction results in 
reduced costs of inspection. 
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Box 1. Business Case: inspection of a 100 mm AC main 
Assumptions : 
x Replacement costs in urban area: € 150 /m1 
x If the inspection has a positive result (good condition), postponement of replacement with 20 years 
x Inspection costs: € 8 /m1 
x Estimated inspection results (to be checked afterwards): 
– Positive: probability of 45% of a positive inspection result and a main in good condition. 
– False positive: probability of 5% of a positive inspection result and a main in bad condition. 
– False negative: probability of 5% of a negative inspection result and a main in good condition. 
– Negative: probability of 45% of a negative inspection result and a main in bad condition. 
 
Applying a net interest of 3%, the discounted costs of replacement in 20 years are € 83 /m1. In case of a false 
positive result it is assumed that the main will be replaced in10 years, with discounted costs of € 112 /m1.  
 
Business case inspection echopulse, costs are discounted.  
Please note that 48 is calculated as: 45% * (8 + 0 + 83) 
Inspection Condition Probability Costs of inspection 
Costs current 
replacement 
Costs future 
replacement Sum 
Positive Good 45% € 8 /m1  € 83 /m1 € 41 /m1 
Positive Bad 5% € 8 /m1  € 112 /m1 € 6 /m1 
Negative Good 5% € 8 /m1 € 150 /m1  € 8 /m1 
Negative Bad 45% € 8 /m1 € 150 /m1  € 71 /m1 
  100%    € 126 /m1 
 
In this example the total calculated costs equal € 126/m1. This is lower than the current cost of replacement 
(€ 150 /m1). In this example, performing inspection with echopulse is cost-effective. 
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